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Summary
The overall goal of this project was to explore for and document the fluorescence of marine organisms, primarily on the seafloor, but also in the water column. We wish to determine the nature and distribution, both geographic and taxonomic, of the effect. The information gained has potential application to mapping and assessment of the sea floor, to studies of fundamental processes in marine biology, and to discovery of novel fluorescing proteins.
This was largely a field-oriented project, supplemented by laboratory measurement and documentation. We conducted SCUBA dives at a variety of locations, using several different imaging/exploration techniques to locate instances of seafloor fluorescence. We concentrated on effects not previously observed or documented by concentrating on habitats that had not been explored much or at all, and on taxonomic groups that had not been examined in detail.
When possible we collected specimens for laboratory measurement of fluorescence excitation and emission spectra. We organized our findings in a master database that incorporates observational information (identification, location, depth, appearance, etc.), white-light and fluorescence imagery, and spectral measurements.
The discoveries made during the course of this project led to several multidisciplinary collaborations that produced important publications (Science). The ongoing development of the basic tools for fluorescence exploration and imaging and their commercial availability through NightSea have led to growing application of fluorescence techniques in the marine research community.
In this summary report we list: a number of the project highlights; publications and conference presentations; publications that reference fluorescence equipment in their Methods sections; and research and educational institutions using fluorescence equipment, including a number of US government laboratories.
The annual reports for this project for FY02, FY03, FY04, and FY05 are attached.
Publications referencing NightSea equipment
The fluorescence exploration and imaging equipment developed under this and related contracts is contributing to, and is often the enabling factor for, a growing number of research studies. The papers listed below all reference NightSea equipment in their Methods sections. 
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Research and educational institutions using NightSea equipment
There are now at least 157 research and educational institutions in 27 countries using NightSea equipment for a wide variety of applications, and new ones are being added regularly. Besides these university, secondary education, museum, and government establishments, numerous private companies engaged in various forms of underwater and laboratory research have also purchased equipment. US government agencies are highlighted in bold. 
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LONG-TERM GOALS
This is an exploration project aimed at documenting fluorescence of seafloor marine organisms. We wish to determine the nature and distribution, both geographic and taxonomic, of the effect. The data gained has potential application to mapping and assessment of the sea floor.
OBJECTIVES
The objectives of the FY02 effort were to conduct fieldwork at several locations; refine techniques for photographing and videotaping fluorescence; make laboratory measurements of fluorescence properties; create a database of observations, images, and measurements; and prepare for Year 2 efforts by selecting sites for additional fieldwork and planning deep-sea work.
APPROACH
This is a field-oriented project, supplemented by laboratory measurement and documentation. We are diving at a variety of locations, using several different imaging/exploration techniques to locate instances of seafloor fluorescence. We are concentrating on effects not previously observed or documented by concentrating on habitats that have not been explored much or at all, and on taxonomic groups that have not been examined in detail. We are also examining structures such as old shipwrecks to follow up on an early report (Woodbridge, 1959) of anomalous fluorescence associated with an old wooden wreck site.
When possible we collect specimens for laboratory measurement of fluorescence excitation/emission properties. We are organizing our findings in a master database that includes comparative white-light and fluorescence imagery and spectral measurements when these are available.
We are experimenting with new techniques for imaging fluorescence. This includes the use of new underwater lights, using the lights in association with several different video camera systems to test performance, and experimenting with underwater digital fluorescence photography.
We are developing a new algorithm for interpretation of fluorescence images. This is to be applied to several different means of collecting fluorescence imagery (e.g., photography, video, laser line scan) and is intended to produce a robust approach to the interpretation that is relatively immune to variations in sensor-to-subject distance and in water optical properties.
The project is a direct collaboration with Dr. Michael Lesser, University of New Hampshire, who is funded under a separate award. Dr. Lesser is collaborating in the fieldwork and performing chemical analysis of some of the fluorescing pigments. In addition, we are forming new collaborations as the opportunity arises. These can arise when we discover a novel fluorescence in the field and contact researchers with long-term interests in those specific organisms. An example is a collaboration with several researchers with interests in mantis shrimp (see Transitions, below). Not only are our findings of interest to them, but they are also sending us new specimens, thus expanding our sampling capability beyond what we could achieve on our own.
WORK COMPLETED
We conducted fieldwork at locations in Hawaii, Australia, the Bahamas, and New England. The effort ranged from a few dives-of-opportunity at some locations to a concerted multi-week effort at others. Our efforts focused on 1) exploring for fluorescence and 2) experimenting with several new viewing/imaging approaches. Two of the dive sites were old shipwrecks -one a Revolutionary War era ship in Maine, and the other a canal barge in Lake Champlain, Vermont.
We compared the performance of several combinations of underwater lights and video cameras. The experimentation with underwater digital photography was very successful and demonstrated that highquality fluorescence imaging could be carried out in the presence of moderate levels of ambient light.
Because of this finding we conducted a focused modeling effort using Hydrolight to better understand the potentials and limitations of this approach.
We have formulated plans for fieldwork in the second year of the project. This will include a 2-week trip to the Pacific Northwest, where very few fluorescence dives have ever been made. We applied for and received spots in the 2003 schedule for two deep-water fluorescence exploration missions using submersibles: to the deep walls in the Bahamas using the Johnson Sea-Link submersible (Harbor Branch Oceanographic Institution), and to hydrothermal vents and nearby abyssal plains off the Pacific Northwest using Alvin (Woods Hole Oceanographic Institution).
RESULTS
In the course of our initial field trips we have discovered novel instances of fluorescence in several species each of: nudibranchs, polychaete worms, crustaceans (crabs and shrimp), stomatopods (mantis shrimp), molluscs, and fish. Most of these observations are supported by one or more of: still photography, videography, and measurement of spectral characteristics. Observations are added as they are acquired to a master database that records a wide variety of information, including taxonomic identification, date and location of sample, source and method of observation, and a verbal description of fluorescence characteristics. When the data are available, links are provided to white-light and fluorescence images of the subject and to spectral measurements. An example of the imagery and of the fluorescence spectral characterization for the operculum of a tulip snail (Bahamas) is shown in Figure 1 . Through trial and error we learned that with proper control of the settings of the digital camera we were able to take high-quality fluorescence images in the presence of moderate levels of ambient light. This enabled us to take photographs that assisted in fluorescence exploration at depths as shallow as 3 m at midday, as long as the subject was in shadow. Figure 2 shows ambient-light and induced fluorescence photographs taken at 1130 at a depth of 9 m on a cloudy day in the Bahamas. The Hydrolight modeling led to a better understanding of the potentials for applying this technique. Taking into consideration the combined effects of depth, time of day, cloud cover, and the fluorescence barrier filter we determined the approximate range of conditions under which daytime fluorescence photography could be carried out successfully (Figure 3 ). This work will be presented as a poster at the Ocean Optics XVI conference in November 2002 (Mazel (2002b) . 
IMPACT/APPLICATIONS
The discovery of intense fluorescence in a wider array of reef organisms has implications for our interpretation of fluorescence imagery. In an effort funded as part of the Coastal Benthic Optical Properties (CoBOP) program (Mazel, 2002a) we demonstrated the potential to use multi-wavelength fluorescence imagery generated by the Fluorescence Imaging Laser Line Scanner (FILLS) to perform automated classification of coral reef surfaces . In that work we interpreted all brightly fluorescing pixels as being associated with corals, even for very small targets of 1 -5 pixels. We now know that small brightly fluorescing features can arise from polychaete worms, fish, or other sources. This will not have a large impact on estimates of percent cover, but could be very important in regard to estimation of numbers of juvenile (i.e., small) corals.
The demonstration of the ability to do fluorescence photography in the daytime will be of great value in this project, and may open the technique up for more widespread application. There are difficulties and dangers associated with night boating and diving operations that are a barrier to the use of any technique that must be carried out in darkness. An application of fluorescence that is of great current interest is in location of juvenile corals, and the ability to conduct some or all of the work in daytime would be very useful.
The novel observations of fluorescence in several taxonomic groups is generating interest among researchers who specialize in those organisms. They were unaware that fluorescence occurred and are now intrigued by the possible role that fluorescence coloration may play in the animals' behaviors. This is leading directly to new collaborations (see Transitions, below).
TRANSITIONS
Our discovery of fluorescence in stomatopods (mantis shrimp) made during our field effort in the Bahamas has led to a direct collaboration with leading researchers in stomatopod vision and biology (Dr. Roy Caldwell, University of California, Berkeley; Dr. Tom Cronin, University of Maryland Baltimore County; and Dr. Justin Marshall, University of Queensland, Australia). They have been sending stomatopod samples to Physical Sciences Inc. for measurement of the fluorescence of various body parts. This not only contributes to the new line of research on the stomatopods, but also to the database being assembled by this project.
In addition we are now collaborating with Dr. Neils Lindquist, University of North Carolina, on the fluorescence of isopods, and with the NOAA Center for Coastal Fisheries and Marine Habitats on application of fluorescence to research on coral recruitment.
RELATED PROJECTS
There is overlap between this effort and my continuing analysis of the fluorescence data collected as part of the CoBOP research program (Mazel, 2002a) . Award Number: N0001402C0130
Appendix B -FY03 Annual Report
Characterization of Fluorescence in the Marine Environment
LONG-TERM GOALS
OBJECTIVES
The objectives of the FY03 effort were to conduct fieldwork at several locations; refine techniques for photographing and videotaping fluorescence; make laboratory measurements of fluorescence properties; create a database of observations, images, and measurements; conduct deepsea fluorescence exploration from manned submersibles; and experiment with algorithms for automated interpretation of multispectral fluorescence data.
APPROACH
We are conducting SCUBA dives at a variety of locations, using several different imaging/exploration techniques to locate instances of seafloor fluorescence. We are concentrating on effects not previously observed or documented, by concentrating on habitats that have not been explored much or at all, and on taxonomic groups that have not been examined in detail. In this fiscal year a significant effort was devoted to outfitting a manned submersible for fluorescence search and documentation, and carrying out a series of deep exploratory dives. This part of the effort is being carried out by the Principal Investigator and by Dr. David Zawada.
When possible we collect specimens for laboratory measurement of fluorescence excitation and emission spectra. We are organizing our findings in a master database that incorporates observational information (identification, location, depth, appearance, etc.), white-light and fluorescence imagery, and spectral measurements.
We are developing approaches to computer interpretation of multispectral fluorescence data. These may be applied to several different means of collecting fluorescence data (e.g., photography, video, laser line scan) and are intended to produce robust approaches to the interpretation that are relatively immune to variations in sensor-to-subject distance and in-water optical properties. This is being done by generating sets of spectra that are based on our existing measurements of representative fluorescence emission spectra (collected during this project and from prior projects such as CoBOP) from a variety of organisms divided into 15 types. We create a large number of variations of each of the 15 spectral classes by mathematically propagating the emission through varying viewing ranges and incorporating the effects of attenuation and spherical spreading. The resulting spectra are then divided into training and test data sets. We are experimenting with approaches including neural nets and simulated broadband detectors that use an approach along the lines of the animal visual systems comprising three or more overlapping photoreceptors. This work is being done by the Principal Investigator in collaboration with Jim Glynn and Don Frankel at PSI, both of whom have extensive experience with neural nets and algorithm development.
The project is a collaboration with Dr. Michael Lesser, University of New Hampshire, who is funded under a separate award. Dr. Lesser is collaborating in the fieldwork and is performing chemical analysis of some of the fluorescing pigments.
WORK COMPLETED
In June we successfully conducted the first exploration for fluorescence from a submersible in deep water during a 12-day research cruise in the Bahamas aboard the R/V Seward Johnson (Harbor Branch Oceanographic Institution). We added blue and ultraviolet filters to four 400 watt high intensity lights that we placed far forward on the Johnson-SeaLink II submersible ( Figure 1 ). A total of 18 submersible dives were made, to depths as great as 850 m (2800 ft). We made two dives a day when conditions allowed, with the first commencing at 1200 and the second at 1930. The first dive always went to at least 350 m (1200 ft) since it was necessary to reach a depth at which it was dark enough to search for fluorescence. The night dive was usually made to shallower depths, but still below the range of SCUBA operations. Fluorescing subjects were documented in situ using the submersible's video camera fitted with appropriate barrier filters, and selected specimens were collected for spectral measurement on board ship and extraction of fluorescent pigments for analysis. In addition to the submersible work we conducted a total of 54 SCUBA dives (34 day, 20 night), exploring for fluorescence and collecting specimens for spectral measurement and pigment extraction on board ship. 122 specimen observations were added to the database. We completed the analysis of the contribution of fluorescence to the spectrum of fluorescent patches on a stomatopod (mantis shrimp), referenced in last year's report . A manuscript on the use of fluorescence for signaling in this animal has been accepted for publication in Science (Mazel et al., in press ).
We substantially refined the format of the spectral database and are in the process of populating it with observational information, images, and spectra. There are now over 200 entries in the database.
Extensive tests were made of the approaches to creating algorithms for automated interpretation of the fluorescence data.
RESULTS
We made the first in situ observations of fluorescence in deepwater organisms, including corals, anemones, crinoids, and others. We found that the practical requirements for searching for fluorescence were not as restrictive as originally expected. As long as the illumination spots were kept from overlapping it was possible to utilize both the blue or ultraviolet lights for fluorescence exploration and white lights for submersible operational safety at the same time. The deep-water environment at most of the dive sites was characterized by soft carbonate sediments with low density of organisms of a limited number of types, most of which did not have significant fluorescence. Brightly fluorescing animals, which were typically green-fluorescent, were easily spotted when the excitation beam passed over them.
We found that during full daylight fluorescence exploration could be conducted at depths below approximately 180 m (600 ft). At shallower depths the ambient light levels made it difficult to detect all but the brightest instances of fluorescence. The dive sites were characterized by sloping sedimented bottoms that met vertical walls at depths on the order of 300 m (1000 ft). Fluorescence was very rare on the walls until a depth of about 200 m (700 ft), at which point the orange fluorescence characteristic of encrusting phycoerythrin-containing algae began to appear (Figure 2 , left). As in shallow water, the blue light filter proved more effective than the ultraviolet in stimulating fluorescence. Only a few specimens were found with the ultraviolet light that would not have been found with the blue. In addition to the deepwater observations we discovered several new instances of fluorescence in shallow-water organisms, including intense orange fluorescence in ostracods, yellow-green fluorescent amphipods, multi-color fluorescing polychaetes, and stunning magenta fluorescence in a scorpionfish (Figure 2, right) . Experimentation with new light sources for SCUBA diving led to the adoption of an off-the-shelf dive light with a high intensity discharge bulb as a primary tool for fluorescence exploration. When fitted with a custom blue interference filter ( Figure 3 ) this makes an effective tool for searching for and videotaping fluorescence. This light-filter combination has become a popular commercial product offered through NightSea, a PSI subsidiary. We are currently experimenting with a new light that incorporates a high-intensity 1W light-emitting diode. The output of this light is comparable to that of the Light Cannon with filters, and has advantages such as smaller size, lower cost, and lower power consumption. For the algorithm development, we found that dividing the spectrum into as few as six equal wavelength bands would enable near-perfect recognition of the fifteen fluorescence spectral classes we modeled (Figure 4 ). With fewer bands the recognition capability becomes more limited. This result has significant implications for selecting detector schemes for a general-purpose multispectral fluorescence classification system. 
IMPACT/APPLICATIONS
The continuing discovery of fluorescence phenomena in a wider array of benthic organisms has implications for our interpretation of fluorescence imagery. In an effort funded as part of the Coastal Benthic Optical Properties (CoBOP) program we demonstrated the potential to use multi-wavelength fluorescence imagery generated by the Fluorescence Imaging Laser Line Scanner to perform automated classification of coral reef surfaces . In that work we interpreted all brightly fluorescing pixels as being associated with corals, even for very small targets of 1 to 5 pixels. We now know that small brightly fluorescing features can arise from polychaete worms, fish, or other sources. This will not have a large impact on estimates of percent cover, but could be very important in regard to estimation of numbers of juvenile (i.e., small) corals. The current results from the algorithm development show that with several additional detection bands a fluorescence system could potentially divide scenes into finer classification groups.
TRANSITIONS
The Underwater Kinetics Light Cannon dive light fitted with the custom filters is now a standard product offered by NightSea, a subsidiary of PSI (http://www.nightsea.com/uklc.htm). The light is being used for both scientific and sport diving. On the order of 40 units have now been sold.
RELATED PROJECTS
There is overlap between this effort and continuing analysis of the fluorescence data collected as part of the CoBOP research program . The fluorescence data interpretation results have direct application to design of a prototype fluorescence-detecting probe being built as part of another ONR effort (Neely, 2003) . 
Characterization of Fluorescence in the Marine Environment
LONG-TERM GOALS
This is an exploration project aimed at documenting fluorescence of seafloor marine organisms. We wish to determine the nature and distribution, both geographic and taxonomic, of the effect. The data gained has potential application to mapping and assessment of the sea floor, and to discovery of novel fluorescing pigments.
OBJECTIVES
The objectives of the FY04 effort were to continue to conduct fieldwork at several locations; refine techniques for photographing and videotaping fluorescence; make laboratory measurements of fluorescence properties; populate the database of observations, images, and measurements; conduct deepsea fluorescence exploration from manned submersibles; and experiment with algorithms for automated interpretation of multispectral fluorescence data.
APPROACH
This is largely a field-oriented project, supplemented by laboratory measurement and documentation. We are conducting SCUBA dives at a variety of locations, using several different imaging/exploration techniques to locate instances of seafloor fluorescence. We are concentrating on effects not previously observed or documented, by concentrating on habitats that have not been explored much or at all, and on taxonomic groups that have not been examined in detail.
We are developing approaches to computer interpretation of multispectral fluorescence data. These may be applied to several different means of collecting fluorescence data (e.g., photography, video, laser line scan) and are intended to produce robust approaches to the interpretation that are relatively immune to variations in sensor-to-subject distance and in-water optical properties. We have generated sets of spectra that are based on our existing measurements of representative fluorescence emission spectra (collected during this project and from prior projects such as CoBOP) from a variety of organisms, divided into 15 types. We create a large number of variations of each of the 15 spectral classes by mathematically propagating the emission through varying viewing ranges and incorporating the effects of water column attenuation and spherical spreading. The resulting spectra are then divided into training and test data sets. We are experimenting with several processing algorithms including neural nets (NN), a spectral angle mapper (SAM) and a Mahalanobis Distance (MD) classifier. Central to each technique is the comparison of an unknown spectrum to a reference set. In this study, the appropriate training library served as the reference. An unclassified spectrum was assigned to the class of the reference set which maximized a given similarity metric. This effort is being led by Dr. David Zawada at PSI.
The project is a collaboration with Dr. Michael Lesser, University of New Hampshire, who is funded under a separate award. Dr. Lesser is collaborating in the fieldwork and is carrying out analysis of some of the fluorescing pigments.
WORK COMPLETED
For the fluorescence classification tests we created a training set of 1000 spectra in each of the 15 classes. These served as the reference spectra that each algorithm used to determine the class membership of each test spectrum. For a test data set we created 200 spectra in each of the 15 classes. We experimented with six different detection band sets: three were sets of bands (4, 6, and 8 bands) evenly spaced through the visible spectrum, while three were sets of bands (4, 6, and 8 bands) for which the center wavelength and spectral width were chosen based on our prior knowledge of the common spectral characteristics. All test spectra were run through each of the 6 band sets and the classification accuracy tabulated.
In addition to SCUBA diving explorations in New England, San Diego, and Bonaire, we participated in a research cruise sponsored by the NOAA Ocean Exploration program. The DeepScope (http://oceanexplorer.noaa.gov/explorations/04deepscope/welcome.html) project was a collaboration of a number of researchers exploring different aspects of light and vision in the sea. The trip afforded the opportunity make deep-water fluorescence exploration submersible dives in the Gulf of Mexico, which complements our deep Bahamas dives from last year .
We have developed a new fluorescence excitation light source based on high intensity light-emitting diodes supplemented with our custom-made interference filters (Figure 1 ). This low-power (1W) light produces as much excitation light as the filtered HID light we reported on last year, with lighter weight and longer operating time. 
RESULTS
While only a small number of submersible dives specifically devoted to fluorescence exploration could be made on the DeepScope project, they resulted in the discovery of fluorescence in a shark, a greeneye fish (Chlorophthalmus agassizi) (Figure 2) , an anemone, a starfish, a sea urchin, and other specimens.
In addition, we found intense fluorescence in exposed methane hydrates at a hydrocarbon seep site. We were not able to take a sample for analysis, since without special sampling procedures the 'methane ice' will dissociate as it is brought to the surface. Figure 3 shows the classification results for the three types of algorithms. Overall, MD was the most accurate classifier; with better than 90% classification accuracy for most of the classes, while SAM was the worst. All three methods had trouble distinguishing between classes 8 and 9 (soft coral and green or brown algae). This result is not surprising since both classes have a single fluorescence peak arising from chlorophyll. The only discriminating factor is the intensity of the fluorescence. The inclusion of additional information, such as the classification of neighboring pixels, might improve the results for those classes. The most surprising result is the high degree of discrimination possible with only 4 spectral bands, especially for the MD method. Also note that the evenly-spaced band data provided almost as much discriminatory information to the MD classifier as the narrower, handselected bands. This finding suggests that off-the-shelf interference filters may be adequate; thus, saving the expense of fabricating custom filters. 
IMPACT/APPLICATIONS
We continue to discover new sources of fluorescence in the marine environment. The discovery of intense fluorescence in a wider array of organisms has implications for our interpretation of fluorescence imagery. In an effort funded as part of the Coastal Benthic Optical Properties (CoBOP) program we demonstrated the potential to use multi-wavelength fluorescence imagery generated by the Fluorescence Imaging Laser Line Scanner (FILLS) to perform automated classification of coral reef surfaces . In that work we interpreted all brightly fluorescing pixels as being associated with corals, even for very small targets of 1 -5 pixels. We now know that small brightly fluorescing features can arise from polychaetes, mollusks, crustaceans, fish, or other sources. This will not have a large impact on estimates of percent cover, but could be very important in regard to estimation of numbers of juvenile (i.e., small) corals.
The discovery of fluorescence of methane hydrates may prove to be of some significance. These deposits are of great current interest as potential energy sources. While an optical tool that finds only exposed deposits will be of little use for general exploration, the fluorescence may be of use in studies of the biological characteristics of these unique seafloor features.
The algorithm development results provide guidance for selection of spectral bands for automated benthic classification techniques based on fluorescence measurement or multispectral imaging.
TRANSITIONS
The LED-based light source for stimulating fluorescence has become a standard product of NightSea, a PSI subsidiary. More than 30 units have been sold into the research community, and additional units to recreational divers. NightSea products, which have largely grown out of ONR-supported research, are now in use at more than 60 scientific institutions worldwide (http://www.nightsea.com/resinst.htm).
RELATED PROJECTS
I have funding through the NOAA SBIR program to develop fluorescence-based tools for locating and studying coral recruits (juveniles) on natural reef surfaces. The equipment for that specialized application draws on the kind of equipment and experience we have been developing for general fluorescence exploration. 
Characterization of Fluorescence in the Marine Environment
LONG-TERM GOALS
Our goal is to document the fluorescence of marine organisms, primarily on the seafloor, but also in the water column. We wish to determine the nature and distribution, both geographic and taxonomic, of the effect. The information gained has potential application to mapping and assessment of the sea floor, to studies of fundamental processes in marine biology, and to discovery of novel fluorescing proteins.
OBJECTIVES
The objectives of the FY05 effort were to continue to conduct fieldwork at several locations; refine techniques for photographing and videotaping fluorescence; make laboratory measurements of fluorescence properties; populate the database of observations, images, and measurements; and conduct deep sea fluorescence exploration from a manned submersible.
APPROACH
This is largely a field-oriented project, supplemented by laboratory measurement and documentation. SCUBA dives were conducted at a variety of locations, primarily using the LED-based lights perfected during this project to locate instances of seafloor fluorescence. Those lights are also used in other locations such as darkened shipboard rooms to inspect specimens collected during day dives or in net tows. Over the course of this project we have been able to participate in or support three manned submersible projects to explore for fluorescence in deep water in the Bahamas and the Gulf of Mexico. We are concentrating on effects not previously observed or documented by concentrating on habitats that have not been explored much or at all, and on taxonomic groups that have not been examined in detail.
Our own observations have been supplemented by those of sport divers using the NightSea equipment spun off from this project. This greatly expands the opportunity to collect fluorescence observations at far-flung locations.
WORK COMPLETED
SCUBA dives were made at a variety of locations. While the PI for this project was unable to participate in the summer 2005 DeepScope project sponsored by the NOAA Office of Ocean Exploration, he supported the research cruise with the filters that had been used in the 2004 mission to outfit the submersible for fluorescence observation, and has received copies of the images and spectra collected during the mission. Observations were added to the data base as they were received.
RESULTS
We will summarize our observations, with example images, for the taxonomic range of organisms commonly found in the sea. We do not treat the plant kingdom, as the sources of fluorescence in that community -chlorophyll and phycoerythrin -are well known and documented, and no novel discoveries were made.
The Phylum Porifera comprises the sponges. Fluorescence occurs, but tends to be relatively weak in comparison to other naturally occurring effects. The fluorescence is in some cases associated with internal structural spicules (Figure 1, left) , while in other cases it is distributed diffusely through the tissues or over the surface (Figure 1, right) . The Phylum Cnidaria encompasses a number of commonly occurring marine forms including the siphonophores, hydroids, and fire corals (Class Hydrozoa), the true jellyfish (Class Scyphozoa), and the box jellies (Class Cubozoa). The Class Anthozoa includes the stony corals, anemones, and zoanthids (Subclass Zooantharia (Hexacorallia)) and the sea fans, gorgonians, and soft corals (Subclass Alcyonaria (Octocorallia)).
In the Class Hydrozoa fluorescence in colonial hydroids is common. The Millepora (fire corals) have exhibited only weak fluorescence, if at all. We have had occasion to observe one siphonophore collected in the Gulf of Mexico, and found very small fluorescent spots in several places on the bell. Figure 2 shows an example of intense green fluorescence in a jellyfish (Scyphozoa). The spectrum of the emission appears identical to that of the green fluorescent protein (GFP) found in corals and originally found in the jellyfish Aequorea. We have had occasion to look at a few specimens in the Phyla Ctenophora (ctenophores) and Platyhelminthes (flatworms). None of the specimens in those groups observed to date has exhibited fluorescence. We do not have observations in the Phylum Rhyncocoela (Nemertea) (ribbon worms).
In the Phylum Annelida (segmented worms), only the Class Polychaeta are marine. Some have not been fluorescent, while others are intensely fluorescent. The coral-eating fireworm Hermodice carunculata in particular has striking yellow, green and orange fluorescence (Figure 4 , left). It is interesting to note that in H. carunculata the fluorescence is in the body and the bristles (setae) are non-fluorescent, while in other specimens the bristles have been strongly fluorescent and the body nonfluorescent. We have seen many non-fluorescent tubeworms in the Caribbean, but a NightSea customer contributed the observation and photograph of a fluorescing tubeworm in the genus Dodecacaria from British Columbia ( Figure 5 ). The Phylum Arthropoda includes the Subphylum Chelicerata, containing the horseshoe crabs (Class Merostomata) and sea spiders (Class Pycnogonida), and the Subphylum Crustacea, comprising a number of classes that include the isopods, amphipods, crabs, shrimp, lobsters, stomatopods, ostracods, copepods, and barnacles. Fluorescence is quite common in this phylum, and it often appears to be associated with the chitinous exoskeleton. Sometimes the fluorescence appears in patterns, while at other times it covers the entire surface. Examples can be seen in the all-over green fluorescence of a picnogonid collected at a depth of 500 m (Figure 6 ), and in the shrimp, isopod, and crabs collected by SCUBA divers (Figure 7 ). Figure 8 shows fluorescence photographs of a galatheid crab collected from deep water in the Gulf of Mexico and of a lobster photographed in the Channel Islands off California. A very interesting pattern has been discovered in some copepods collected from surface waters in the Gulf of Mexico, with weak to no fluorescence in most of the body and intense fluorescence in an elongated appendage (Figure 9 ). This striking pattern suggests that the fluorescence might serve a visual function in these animals, especially since the females lacked this effect. The Phylum Mollusca includes the Classes Cephalopoda (octopus and squid), Gastropoda (gastropods, sea slugs, snails, nudibranchs), and Bivalvia (bivalves). We have not yet seen fluorescence in the octopus and squids we have observed. Several different species of nudibranch (shell-less gastropods) have been observed to be fluorescent. Fluorescence is common but by no means universal in mollusks, with some having fluorescence in the shell. The operculum (hard shell closure in the gastropods) is almost always intensely green fluorescent.
The Phylum Echinodermata includes the Classes Crinoidea (crinoids), Stelleroidea (starfish and brittle stars), Echinoidea (sea urchins and sand dollars), and Holothuroidea (sea cucumbers). Fluorescence is common, but not universal, in the crinoids. It is generally absent in the other classes, although we found a weakly red-fluorescent sea urchin deep in the Gulf of Mexico.
The Phylum Chordata includes the important Subphyla Urochordata (tunicates) and Vertebrata. The Vertebrata includes the Classes Osteichthyes, the bony fish, and Chondrichthyes, the sharks and rays (cartilaginous fish). The more time people spend in the water with the lights, the more instances of fluorescence are being discovered in the bony fish, often with very dramatic appearance (Figure 10 ). 
IMPACT/APPLICATIONS
The discovery of fluorescence in new groups of marine organisms continues to open doors to new areas of research. The occurrence of fluorescence in the stomatopods (mantis shrimp), for example, was unknown to the primary vision researchers interested in those animals until our discovery, and now it is a regular portion of their research program. A number of the new instances of fluorescence have been found to arise from forms of the green fluorescent protein that is a scientifically and commercially valuable marker, and so may lead to new genetic labeling techniques and products.
As the ONR-inspired NightSea fluorescence equipment becomes more widespread it is beginning to have an impact in a range of scientific studies for discovery, for documentation, and as a core research
